To investigate the utility of postoperative chemotherapy in delaying radiotherapy and to identify prognostic factors in early childhood medulloblastoma, we studied children younger than 3 years of age registered to the HIT-SKK'87 (Therapieprotokoll für Säuglinge und Kleinkinder mit Hirntumoren [Brain Tumor Radiotherapy for Infants and Toddlers with Medulloblastoma] 1987) trial who received systemic interval chemotherapy until craniospinal radiotherapy was applied at 3 years of age or at relapse, from 1987 to 1993. Children with postoperative residual tumor or metastatic disease received systemic induction chemotherapy prior to interval chemotherapy. Twenty-nine children were eligible for
M edulloblastoma, the most common malignant brain tumor of childhood, occurs 25%-35% of the time in children younger than 3 years of age. 1 Compared with older children, the prognosis of early childhood medulloblastoma treated with surgery, radiotherapy, and chemotherapy has been unsatisfactory (20%-45%) until the last decade. This was related to not only the more frequent occurrence of metastases at diagnosis but also to a different biology of medulloblastoma in younger children. [2] [3] [4] The high susceptibility of the immature brain to radiotherapy-induced neurocognitive deficits [5] [6] [7] [8] [9] [10] has led to limitations for the delivery of radiotherapy in this age group. Consequently, dose reduction and delay of radiotherapy have been investigated. [11] [12] [13] [14] Other strategies aimed to avoid radiotherapy, and some patients were cured by postoperative chemotherapy only. [15] [16] [17] Recently, different strategies to delay or avoid craniospinal radiotherapy have shown evidence of improved survival rates, [18] [19] [20] so more attention has focused on treatment-related late effects and long-term neurocognitive outcome of survivors. [21] [22] [23] The trial HIT-SKK'87 (Therapieprotokoll für Säuglinge und Kleinkinder mit Hirntumoren [Brain Tumor Radiotherapy for Infants and Toddlers with Medulloblastoma] 1987) of the German Society of Pediatric Oncology and Hematology was designed to increase survival rates and to reduce long-term neuropsychological deficits by delaying craniospinal radiotherapy with multiagent systemic chemotherapy. 24 We have shown that desmoplastic histology is a favorable prognostic factor and that neuropsychological deficits of patients treated by intensive postoperative chemotherapy alone (HIT-SKK'92) were less pronounced compared with patients treated in the HIT-SKK'87 trial. 18 Here, we report on the survival and prognostic factors of children treated in the pilot trial HIT-SKK'87 and compare the results with the subsequent HIT-SKK'92 trial.
Patients and Methods
The study was open between August 1987 and July 1993 for children younger than 3 years of age with malignant brain tumors. Thirty-two children with medulloblastoma diagnosed by the local institution were registered. Central reference histopathology was performed in 18 patients, and available samples were reassessed by a reference neuropathologist in 2003 according to the WHO classification for brain tumors. 25 Four patients with a different diagnosis in central review were excluded from analysis (two with atypical teratoid rhabdoid tumor, one with anaplastic ependymoma, and one with choroid plexus carcinoma). One patient with local diagnosis of anaplastic ependymoma was included after medulloblastoma was confirmed by central pathology review, leaving 29 patients (16 males, 13 females) from 20 pediatric oncology centers in Germany and Austria for analysis (Table 1 ). In 25 of these 29 children, lumbar cerebrospinal fluid (CSF) was analyzed for microscopic dissemination of tumor cells. After evaluation of staging procedures, 26 patients were classified without macroscopic metastases (stage M0/M1: 16 with negative CSF evaluation and M0 stage, 6 with positive CSF and M1 stage, and 4 without CSF analyses), and 3 children had macroscopic stage M2/M3 metastases.
The study was approved by the ethics committee of the University of Wuerzburg. Informed consent was obtained from legal representatives of all patients.
Surgery and Imaging
Maximal surgical removal of primary tumor, dependent on the anatomical location of the tumor and the condition of the child, was recommended. The extent of resection was assessed by neuroradiology based on results of MRI or CT. Presence of macroscopic solid or laminar metastases was evaluated by initial cranial and spinal MRI (6 gadolinium), and lumbar CSF analysis was recommended according to the Chang tumor staging system. 26 Complete response was defined as the complete disappearance or absence of residual tumor or macroscopic metastasis during chemotherapy or at the end of treatment. Partial response was defined as a For children older than 3 years, the prescribed total dose to the neuraxis was 35.2 Gy (1.6 Gy per fraction, five times per week). The posterior fossa was to receive a boost dose of 20.0 Gy (2.0 Gy per fraction, five times weekly). For younger children, a neuraxis dose of 24 Gy was prescribed in cases of progressive disease. Metastatic deposits were boosted at the discretion of the local radiation oncologist.
The subsequent HIT-SKK'92 trial for children younger than 3 years of age was designed to avoid radiotherapy by an intensive postoperative systemic and intraventricular chemotherapy alone. Patients received three cycles of systemic chemotherapy with cyclophosphamide, methotrexate, vincristine, carboplatin, and etoposide, as previously described. 18 To substitute radiotherapy, intraventricular methotrexate was administered in single doses of 2 mg via subcutaneous reservoir. Craniospinal radiotherapy was applied only if a patient was not in complete remission after postoperative chemotherapy, and if older than 18 months by that time. The characteristics of 43 eligible children, used for comparison with HIT-SKK'87 and for a common multivariate analysis, are described in Table 1 .
For further analyses and identification of independent risk factors, data from the 29 children from HIT-SKK'87 were pooled with data from the 43 children from HIT-SKK'92 for a total data set of 72 children.
Statistical Analyses
Survival functions were estimated using the method of Kaplan and Meier, and the log-rank test was used for comparison. Progression-free survival (PFS) was defined as time from the date of diagnosis to the date of first progression, relapse, or death of any cause, or to the date of the last contact. Overall survival (OS) was defined as time from the date of diagnosis to death of any cause decrease of >50% of area; stable disease, decrease of ,50% or increase of ,25%; and progressive disease, increase of >25%.
Evaluation Procedures and Follow-up
Before each treatment element, complete blood count, electrolyte levels, creatinine concentration, and liver function parameters were determined. Serum concentrations of methotrexate were measured at standard intervals until levels were lower than 0.25 µmol/l. Imaging was repeated every 10 weeks during therapy and every 3-6 months in the first 2 years after completion of therapy. After treatment, children underwent detailed ageadapted neuropsychological examination, as described previously. 18 The intelligence levels of patients were determined by Raven Colored Progressive Matrices (CPM) and Kaufman Assessment Battery for Children (K-ABC). Sensor motor ability was measured by the Visual-Motor Integration Test (VMI).
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Treatment
Chemotherapy was to be started within 2-4 weeks after surgery, as described previously. 30 Low-risk patients (complete resection and no macroscopically detectable dissemination of disease) received maintenance chemotherapy until radiotherapy at the age of 3 years or until progression ( Fig. 1) .
High-risk patients (after subtotal resection or with metastatic disease) and children between 2.5 and 3.0 years of age at diagnosis received two cycles of a post- 
Results
Staging and Follow-up (HIT-SKK'87)
Of 29 eligible patients with a median age of 1.7 years (range, 0.2-2.8 years), 26 children had no macroscopic metastases at diagnosis (stage M0, 16 patients; stage M1, 6 patients; no CSF examination in 4 patients). Among these, 17 children underwent gross total tumor resection, and 9 children had postoperative residual tumor. Macroscopic metastases were detectable at diagnosis in three children. Fifteen children were treated according to the high-risk strategy with two cycles of induction chemotherapy prior to maintenance chemotherapy; 14 children were treated according to the low-risk strategy. Radiotherapy was not applied in eight children based on decisions of the local institutions. The median follow-up of the 14 surviving patients was 12.6 years (range, 9.3-16.2 years). Patient details are given in Table 1 .
Progression-Free and Overall Survival
The estimated rates (6SEM) for 10-year PFS and OS for all 29 children from HIT-SKK'87 were 48.3% 6 9.3% and 55.2% 6 9.3%, respectively. Considering postsurgical status, 10-year PFS and OS were 52.9% 6 12.1% and 58.8% 6 11.9% (complete resection, no macroscopic metastases), 55.6% 6 16.6% and 66.7% 6 15.7% (residual tumor, no macroscopic metastases), and 0% and 0% (macroscopic metastases), respectively (Fig. 2) . The rates for 10-year PFS and OS of 26 patients without macroscopic metastases (M0/M1) were 53.8% 6 9.8% and 61.5% 6 Table 2 .
Histological Subtypes
Twenty children from HIT-SKK'87 had CMB, four had DMB, and five had MBEN. One of the four children with DMB and none of the five children with MBEN experienced tumor relapse or progression, and rates for 10-year PFS and OS in all nine children were higher compared with 20 children with CMB (10-year PFS, 88.9% 
Progressive Disease during Therapy and Salvage Therapy
Twelve of 29 children from HIT-SKK'87 (41%) had tumor progression or relapse during chemotherapy at a median time of 0.44 years after diagnosis and before they were to receive radiotherapy at the age of 3 years (1 DMB, 11 CMB). Considering the risk group and corresponding chemotherapy, tumor relapse or progression under chemotherapy was observed in 6 of 17 (35%) standard-risk patients and 6 of 12 high-risk patients (50%). Two children relapsed 0.9 and 5.4 years after radiotherapy. After relapse or tumor progression, further therapy with or without secondary tumor resection was reported for 10 children: five children received radiotherapy and systemic chemotherapy, two children had systemic chemotherapy alone, two children had radiotherapy alone, and one child received systemic chemotherapy and high-dose chemotherapy. In four children with relapse, no further therapy was applied. One child was salvaged successfully and was still in second continuous remission 14 years after relapse treatment with surgery and radiotherapy.
Toxicity and Death Unrelated to Tumor Progression
No major unexpected toxicity was reported from systemic chemotherapy. One child died from postoperative intracerebral bleeding. No other treatment-related deaths or lethal infections were reported. One patient was diagnosed with glioblastoma as secondary malignancy 12 years after medulloblastoma and was deceased 1 year later.
Comparison with HIT-SKK'92
Rates for 10-year PFS and OS did not differ between all 29 patients from HIT-SKK'87 and 43 children from HIT-SKK'92 18 (respectively, 10-year PFS, 48.3% 6 9.3% and 55.2% 6 7.7%, p 5 0.364; 10-year OS, 55.2% 6 9.2% and 63.6% 6 7.6%, p 5 0.274) by univariate analyses. Among children without macroscopic metastases (M0/M1 disease) and complete tumor resection, PFS and OS were higher in HIT-SKK'92 compared with HIT-SKK'87 (10-year PFS, 93.3% 6 6.4% and 52.9% 6 12.1%, p 5 0.011; 10-year OS, 100% and 58.8% 6 11.9%, p 5 0.006; Fig. 4A ). Comparing children with macroscopic metastases, PFS and OS were superior in the HIT-SKK'92 study (8-year PFS, 33.3% Fig. 4C, D) .
Pooled Analysis of HIT-SKK'87 and HIT-SKK'92 and Multivariate Analysis
Analyzing 72 patients from both studies, OS and PFS differed among histological subgroups. All 12 children with MBEN remained relapse-free (10-year PFS and OS, 100%; Fig. 5 ). PFS and OS did not differ between children with DMB and children with MBEN (10-year PFS, 76.5% 6 10.3%; 10-year OS, 88.2% 6 7.8%; p 5 0.078 and 0.228, respectively). Children with CMB had inferior survival compared with children with DMB or with MBEN (10-year PFS, 29.5% 6 7.1% and 86.2% 6 6.4%; 10-year OS, 38.8% 6 7.5% and 93.1% 6 4.7%; both p , 0.001; Fig. 5 ). Multivariate analyses on all 72 patients identified the histological subtype of DMB and MBEN as a strong independent favorable prognostic factor (hazard ratio compared with CMB: PFS, 0.08; OS, 0.05; p , 0.001). Furthermore, metastatic disease, male gender, and treatment according to HIT-SKK'87 regimen were independent adverse prognostic factors for PFS and OS. Age at diagnosis and postoperative residual tumor status were not independent prognostic factors. The results of multivariate analyses are summarized in Table 3 .
Neuropsychological Evaluation
Neuropsychological follow-up was performed in 10 patients from HIT-SKK'87 after a median of 6.1 years (range, 4.0-7.9 years) from diagnosis. The mean IQ scores were lower compared with healthy controls within the same age group (IQ: CPM, 77.7 6 
Discussion
Our results from the prospective multicenter pilot trial HIT-SKK'87 demonstrate that early childhood medullo- blastoma can be treated with considerable efficacy by systemic chemotherapy and deferred craniospinal radiotherapy. With substantial follow-up of patients, the survival rates compare favorably with other studies from the 1980s 2, 4, 8, 13 and equal to those of the most efficacious studies from the 1990s. [18] [19] [20] After identifying the detrimental effects of craniospinal irradiation on the neurocognitive outcome, 2,5-9,21,32,33 different strategies aiming to avoid craniospinal radiotherapy have been developed by different study groups. Although craniospinal radiotherapy is no longer part of modern frontline strategies for early childhood medulloblastoma, various findings from the present study have relevant implications for current and future studies.
Our data strongly support results from HIT-SKK'92, where desmoplastic histological subtypes were newly identified as an independent favorable prognostic factor in this age group. 18 Interestingly, the OS rates of children with CMB and DMB are similar to the rates observed in HIT-SKK'92. Therefore, the prognostic relevance of desmoplastic histology may not be limited to predominantly methotrexate-based treatment regimen as used in HIT-SKK'92, but may also be relevant in the context of other treatment concepts. The fact that in both studies desmoplastic histology was a favorable risk factor in localized medulloblastoma and in metastatic disease suggests that DMB not only may offer better chances of resectability, but also could be more sensitive to adjuvant treatment modalities. This is further supported by our observation that tumor progression during chemotherapy was almost exclusively observed in CMB in HIT-SKK'87. Our results from HIT-SKK'87, where 9 of 26 children without macroscopic metastases had tumor progression, are in line with reports of increased risk of neuraxis progression with the duration of chemotherapy. 34, 35 No tumor progression was observed during chemotherapy in 32 children without initial macroscopic metastases in HIT-SKK'92, suggesting that tumor control may be improved by dose-intensified induction chemotherapy. DMB and MBEN have also been confirmed by other national groups as favorable risk factors in early childhood medulloblastoma. 36, 37 Although DMB and MBEN are classified in the most recent WHO classification as distinct medulloblastoma variants, they are regarded as closely related histological variants. 38 The fact that treatment by HIT-SKK'92 was an independent favorable risk factor for PFS and OS compared with HIT-SKK'87 provides evidence that the prolonged cytotoxic concentrations of repeatedly applied intraventricular chemotherapy may be as efficacious as cranio spinal radiotherapy, which is generally considered a highly effective treatment modality in childhood medulloblastoma. However, differences of systemic chemotherapy between both studies have to be considered: ifosfamide, cisplatinum, and cytarabine were replaced by cyclophosphamide, carboplatin, and vincristine in HIT-SKK'92, and procarbazine was omitted.
The concept of using an exclusively chemotherapybased approach for first-line treatment may contribute to improved salvage strategies at relapse: while 8 of 16 treated children (50%) were successfully salvaged in HIT-SKK'92, only 1 of 10 treated children (10%) was salvaged in HIT-SKK'87.
Despite the relatively high survival rates of this study, the IQ results for fluid intelligence (CPM), considered an indicator of central mental problem-solving ability, 39 were lower compared with children treated without radiotherapy in the HIT-SKK'92 study. Our clinical results are in line with a study demonstrating that white matter loss after treatment for medulloblastoma may be the neuroanatomical substrate for the adverse impact of young age at the time of radiotherapy. 40 In conclusion, the strategy to defer craniospinal radiotherapy by using postoperative chemotherapy had considerable efficacy in terms of tumor control and References survival. Tumor control during chemotherapy may be further improved by intensified chemotherapeutic strategies, and salvage strategies including radiotherapy may be more efficacious after exclusively chemotherapy-based first-line treatment. Desmoplastic histology (DMB and MBEN) is an independent favorable prognostic factor, and stratification according to histological variants may improve survival rates and quality of survival. Children with DMB are candidates for treatment de-escalation in future trials. The underlying biological differences between classic and desmoplastic variants should be investigated further, because specific therapeutic targets may be identified in the future. Brain-sparing treatment concepts avoiding craniospinal radiotherapy need to be further improved, and the neurocognitive outcome of children should be a major study end point in future studies on early childhood medulloblastoma.
